Objective: End-point bioassays based on thymidine or sulfate incorporation have demonstrated that glucocorticoid (GC) treatment inhibits serum IGF1 action, but the mechanism is unknown as serum IGF1 concentrations have been reported to either increase or remain unchanged. Aim: To investigate whether GC treatment affects the ability of serum to activate the IGF1 receptor (IGF1R) in vitro (i.e. bioactive IGF1), using a specific cell-based IGF1 kinase receptor activation assay. Subjects and methods: Twenty children with stable asthma (age 7.7-13.8 years) treated for 1 week with 5 mg prednisolone in a randomized, double-blind, placebo-controlled crossover study. Non-fasting serum samples were collected in the afternoon after each 7-day period and assayed for bioactive IGF1, free IGF1, total IGFs, IGF-binding proteins (IGFBPs), and insulin. Results: Prednisolone treatment reduced IGF1 bioactivity by 12.6% from 2.22G0.18 to 1.94 G0.15 mg/l (PZ0.01) compared with placebo. In contrast, no changes were observed for (mg/l; placebo vs prednisolone) total IGF1 (215G27 vs 212G24), free IGF1 (1.50G0.16 vs 1.43G0.17), total IGF2 (815G26 vs 800G31), IGFBP3 (3140G101 vs 3107G95), IGFBP2 (238G21 vs 220 G19), IGFBP1 (32G6 vs 42G10), or IGFBP1-bound IGF1 (24G5 vs 26G7). Insulin remained unchanged as did IGFBP levels as estimated by western ligand blotting. Prednisolone had no direct effects on IGF1R phosphorylation. Conclusions: Our study gives evidence that GC treatment induces a circulating substance that is able to inhibit IGF1R activation in vitro without affecting circulating free or total IGF1. This may be one of the mechanisms by which GC inhibits IGF1 action in vivo. However, the nature of this circulating substance remains to be identified.
Introduction
Long-term administration of exogenous glucocorticoid (GC) accelerates protein breakdown and inhibits protein synthesis in a variety of tissues, effects that may ultimately result in skeletal muscle atrophy, osteoporosis, and impaired linear growth (1, 2, 3) . The catabolic effects of GC appear to be mediated at least in part through modulation of the biological activity of insulinlike growth factor I (IGF1) locally as well as systemically (4, 5) . At the level of the growth plate, experimental studies have demonstrated that GC administration down-regulates the mRNA expression of IGF1 and the IGF1 receptor (IGF1R) and suppresses IGF1-induced DNA synthesis (5) . When it comes to endocrine IGF1, numerous clinical studies have demonstrated that administration of GC reduces the circulating IGF1 bioactivity within !12 h as estimated by the ability of serum to stimulate incorporation of radiolabeled sulfate or thymidine in cultured cartilage (6, 7, 8) . However, the mechanisms by which GC may alter IGF1 action remain unclear as serum IGF1, as measured by immunoassay, remains unaltered or even increases following exposure to GC (6, 7, 9, 10) . Consequently, attention has been focused on GC-induced changes in the IGF-binding proteins (IGFBPs), which are able to inhibit IGF1-mediated effects in vivo. However, no clear picture has emerged. Some IGFBPs are suppressed (IGFBP1 and IGFBP2), others are increased (IGFBP3 and IGFBP6) or remain unaffected (IGFBP4 and IGFBP5), and overall, the molar ratio between IGF1 and its most predominant binding protein, IGFBP3, remains unchanged or increases in favor of IGF1, a reaction that, if anything, would tend to increase free, unbound IGF1, and consequently the bioactivity of IGF1 (7, 11, 12, 13) . Accordingly, the ability of GC to inhibit IGF1 action appears to be unrelated to changes in the immunoreactive serum concentrations of the IGFBPs. This is supported by previous gel chromatography studies by Unterman & Phillips (6) , who showed that GC administration increased the presence of circulating IGF1 inhibitors with a molecular weight of w12-20 kDa. However, the authors never pursued the identity of these IGF1 inhibitors, which may have represented low molecular IGFBP fragments induced by proteolysis.
The output readings of the early end-point bioassays were based on events (i.e. thymidine or sulfate uptake) being several steps downstream of the initial activation of the IGF1R, and consequently, the assays yielded relatively unspecific signals (14) . Nevertheless, these assays have unambiguously demonstrated that GC treatment suppresses the ability of serum IGF1 to stimulate thymidine and sulfate incorporation in cultured cells, despite unchanged or even increased serum IGF1 concentrations (6, 7) . However, end-point bioassays are unsuitable when it comes to identifying the intracellular level at which IGF1 signal transduction becomes inhibited, and consequently, the underlying mechanism has remained unknown. Therefore, we found it of interest to study the impact of GC treatment on the very first step of IGF1 action, i.e. IGF1R phosphorylation. Furthermore, we aimed to identify the IGF1 inhibitors originally described several years ago (6) . To this end, we performed a randomized, double-blind, placebo-controlled crossover study comparing the in vitro bioactivity of IGF1 in serum from children after 7 days of prednisolone vs placebo.
Materials and methods

Subjects
The study included 20 children (17 boys and three girls) with a mean age of 10.4 (range: 7.7-13.8) years. Three boys were Tanner stage 3, the other children were prepubertal. Apart from mild asthma, all children were healthy. The mean height was 144 (range: 112-175) cm, mean weight 37.2 (range: 19.4-59.5) kg, and mean BMI 17.5 (range: 13.7-21.2) kg/m 2 . All children were diagnosed with asthma and had been treated with inhaled GCs according to the recommended guidelines for at least 1 year before the study.
Study design
The study was performed as a randomized, doubleblind, placebo-controlled crossover trial, comparing oral prednisolone (5 mg/day) vs placebo. Ten children were randomized to receive prednisolone first, then placebo, and the other half was randomized to receive treatment in the opposite order. Treatment periods as well as runin and washout periods lasted for 1 week. All tablets were taken at 1900G1 h. Ten tablets were delivered to each child before each treatment period; the remaining tablets were returned after the treatment periods and counted for assessment of compliance. Compliance !80% would lead to withdrawal from the study. During run-in and washout periods, the children took no medication. No drugs except the study medication and rescueinhaled terbutaline (Bricanyl Turbuhaler, 0.5 mg/inhalation) were allowed during the study. Acute illness requiring bed rest, hospitalization, or medication other than study medication would lead to exclusion from the trial. Data on the effect of oral prednisolone on changes in skin (15) and lower leg growth rate (16) have been published previously.
Ethics
The study was conducted in accordance with the international guidelines issued by The European Commission in 1990 and the Declaration of Helsinki and approved by the Local Ethics Committee. Informed consent was obtained from all children and their families.
Immunoassays
Bioactive IGF1 was determined by our in-house KIRA assay as described previously (17) and recently discussed (18) . In brief, cells transfected with the human IGF1R gene were cultured in 48-well microtiter plates, 24 h with serum followed by 24 h without serum. After 48 h of culture, the cells were stimulated with serial dilutions of recombinant human IGF1 (rhIGF1; Austral Biologicals, San Ramon, CA, USA; range: 0.3-10 mg/l) or by serum-diluted 1:10 in KrebsRinger Buffer. All samples were pre-incubated for 15 min at 37 8C before they were transferred to the microtiter wells containing the IGF1R-transfected cells. After incubation for 15 min at 37 8C, all samples were quickly removed, and the cells lysed. Afterwards, the crude cell lysates were transferred to 96-well microtiter plates pre-coated with an antibody directed against the extracellular domain of the IGF1R. After an overnight incubation, samples were removed and replaced by assay buffer containing an europium-labeled monoclonal phosphotyrosine antibody (PY20, SigmaAldrich). The captured antibody was finally detected by time-resolved fluorometry. The assay readings corresponding to unknown serum samples were compared with a serial dilution of rhIGF1, which enabled us to express the level of bioactive IGF1 in unknown samples in microgram per litre of IGF1 equivalents. Owing to limited sample volumes, we were only able to measure bioactive IGF1 in 19 subjects.
Immunoreactive serum levels of IGF1 and IGF2 were assayed in acid-ethanol extracted serum, using validated in-house time-resolved immunofluorometric assays as described previously (19) . The two assays are very sensitive, and this allows serum extracts to be assayed in a final dilution of 1:1000, hereby making the assays very robust to interference from IGFBPs still present in the extracts (20) . The same IGF1 calibrator was used in the bioassay and the immunoassay.
IGFBP1, IGFBP1-complexed IGF1 and IGFBP2 were determined by validated in-house assays as described previously (21, 22) , whereas IGFBP3 and insulin were determined by commercial assays from DiaSource (IRMA; BioSource, Inc., Nivelle, Belgium) and Dako (insulin ELISA kit K6249; Glostrup, Denmark) respectively, in accordance with the recommendations outlined in the kit inserts. In addition, IGFBP levels were examined by western ligand blotting (WLB), performed as originally described by Hossenlopp et al. (23) using iodinated IGF1 (24) . Corresponding samples of serum following placebo and prednisolone were analyzed in neighboring lanes on the same gel and scanned by laser densitometer and expressed in pixel densities (absorbency units (AU)) per mm 2 . All samples from an individual were assayed within the same assay run. The within and between assay coefficient of variation of the in-house assays averaged 7 and 15% for bioactive IGF1 (17), 5 and 10% for IGF1 and IGF2 (19), 5 and 15% for IGFBP1-complexed IGF1 (21), and 5 and 12% for IGFBP1 and IGFBP2 (22) .
Two-dimensional gel electrophoresis
Serum samples were dissolved in lysis buffer consisting of 9 M urea, 2% dithiothreitol (DTT), 2% Triton X-100, and 2% IPG buffer. Horizontal isoelectric focusing was performed using a non-linear pH3-10NL IPG strip and rehydrated for 20 h at room temperature with a rehydration buffer (8 M urea, 2% CHAPS, 2% IPGbuffer, and 0.3% DTT). The first dimension was carried out on a Multiphor II Electrophoresis unit at 500 V for 5 h and at 3500 V for 14.5 h. Before the second dimension, the IPG strip was equilibrated twice with an equilibration buffer (0.05 M Tris-base, 6 M urea, 26% glycerol, and 1% SDS) and transferred to a polyacrylamide gel. The second dimension separation was run vertically at 50 V for 19 h (25, 26).
Silver staining
Visualization was achieved by silver staining, suitable for quantitative protein analysis. Briefly, gels were fixed overnight in a fixation solution (50% ethanol, 12% acetic acid, and 0.5% formaldehyde), then washed three times for 20 min in 35% ethanol, pre-treated for 1 min in 0.2% Na 2 S 2 O 3 , and rinsed in water three times for 2-3 min. Staining of gels with silver nitrate was performed for 20 min, after which they were again rinsed twice with water. Gels were developed using a developer solution (6% Na 2 CO 3 , 0.0185% formaldehyde, 0.0004% Na 2 S 2 O 3 , and 5 H 2 O) for w3 min. Development was finally stopped in a stop solution (50% methanol and 12% acetic acid). The 2-D gels were dried in cellophane sheets and sealed in plastic bags (27) .
Image analysis
Silver-stained gels were scanned using the FUJIFILM LAS-4000 info. Gray-scaled images of the gels were transported as TIFF files into the PDQuest Software analysis program (Bio-Rad, Copenhagen, Denmark). Protein spots were automatically defined and adjusted to the background. The quality of each protein spot was critically evaluated, in order to ensure that all relevant protein spots were identified. The pixel intensity of each protein spot was translated to a proportional protein volume, which was normalized to the total density of the gel. Finally, re-analysis was manually done on all matched spots (26) .
In vitro studies
To investigate the possible interference of GC in the cellbased bioassay, serial dilutions of cortisol, prednisolone, and prednisone (all from Sigma-Aldrich; products H4001, P6004, and P6254), containing 0, 0.1, 1, 10, and 100 mg/l, were co-incubated in the bioassay with an equal volume of sample containing Krebs-Ringer buffer, Krebs-Ringer buffer added 2.5 mg/l rhIGF1, or serum diluted 1:5 in Krebs-Ringer buffer. The GCcontaining samples were incubated similar to the serum samples from the study subjects, i.e. the final dilution of serum was 1:10 and all samples were equilibrated for 15 min at 37 8C before they were incubated for 15 min with the cells.
Statistical analysis
Data obtained after prednisolone and placebo were compared by paired tests, either Student's paired t-test, or the Wilcoxon paired rank sum test, as appropriate. If the difference was significant, the possibility of a carryover effect was tested by comparing changes in subjects receiving treatments in the order placeboprednisolone vs subjects receiving the opposite treatment order, i.e. prednisolone-placebo. The comparison was made by Student's unpaired t-test or the Mann-Whitney unpaired rank sum test as appropriate. Correlations were performed using Spearman's regression analysis. All data are given as meanGS.E.M.; P values !0.05 were considered as statistically significant.
Results
The primary outcome of our investigation, bioactive IGF1, decreased significantly following 7 days of prednisolone compared with placebo, 1.94G0.15 vs 2.22G0.18 mg/l (PZ0.01), corresponding to a relative reduction averaging 12.6%. When looking at the individual changes, 13 subjects demonstrated numerically lower levels of bioactive IGF1, whereas six subjects showed numerically higher levels following prednisolone (Fig. 1) . Irrespective of treatment order, prednisolone resulted in numerically lower levels of bioactive IGF1, i.e. from 1.95G0.21 to 1.71G0.13 mg/l (nZ10; PZ0.10) in those receiving placebo as the first treatment, and from 2.47G0.27 to 2.15G0.22 mg/l (nZ9; P!0.07) in those receiving prednisolone as the first treatment. Finally, there was no statistical significance when comparing change in bioactive IGF1 between the two treatment orders (PZ0.70), indicating that a carryover effect had not to be considered.
In contrast to the significant reduction in bioactive IGF1, serum-free IGF1 remained unaffected by prednisolone treatment, and the same was true for immunoreactive IGF levels (Table 1) . Furthermore, no changes in the levels of the IGFBPs during prednisolone treatment were observed: immunoreactive levels of IGFBP1 to IGFBP3 remained unchanged and the same was true for the binary complex of IGF1 and IGFBP1. Similarly, when employing WLB using 125 I-labeled IGF1, the densities of the different IGF-binding bands remained unaffected by prednisolone (Table 1) .
We examined all serum samples by two-dimensional gel electrophoresis (2-D PAGE), focusing on changes within the 10-30 kDa molecular weight range and the isoelectric focusing range from pI 3 to 10, but we were unable to identify any significant changes (data not shown).
Spearman's correlation analysis was used to study the association between bioactive IGF1 and the other IGF-related measurements ( Table 2 ). In the placebo situation, bioactive IGF1 correlated positively with free IGF1, total IGF1 and IGFBP3, whereas IGFBP1, IGFBP2, and the dimeric complex of IGF1 and IGFBP1 correlated inversely with bioactive IGF1. Following 7 days of prednisolone, the above-mentioned correlations were generally weakened, and IGFBP2 and IGFBP3 were no longer correlated with bioactive IGF1.
To rule out any effect of GC per se on IGF1R phosphorylation, the cells were stimulated for 15 min with serial dilutions of prednisolone, prednisone and cortisol respectively, co-incubated with buffer, rhIGF1, or serum. However, neither of the selected GCs was able to affect IGF1R phosphorylation in vitro (only data from the prednisolone experiment have been shown; Fig. 2) .
In an earlier publication based on the same study sample, it was possible to demonstrate by knemometry that 1 week of prednisolone treatment reduced lower leg growth rate in 17 of 20 children (P!0.01), from 0.58 mm/week during placebo to K0.23 mm/week during prednisolone treatment (16) . The question Placebo Prednisolone Figure 1 The individual changes in serum bioactive IGF1 after 7 days of placebo or prednisolone (5 mg daily). Altogether, 19 paired samples were available. In 13 subjects, prednisolone lowered bioactive IGF1 levels (solid lines), whereas in six subjects levels increased (dashed lines). The overall reduction was significant, as indicated. therefore remained whether bioactive IGF1 correlated with these growth rates. However, no significant correlations were observed when comparing changes in bioactive IGF1 and in lower leg growth rate (data not shown).
Discussion
This study investigated the impact of GC treatment on the very first step of IGF1 action, i.e. IGF1R phosphorylation in vitro. Serum samples were obtained from healthy children, treated for 1 week with 5 mg prednisolone daily and placebo respectively using a randomized, double-blind, placebo-controlled crossover study design. The ability of serum to phosphorylate the IGF1R in vitro was determined by a highly specific and sensitive cell-based IGF1 KIRA assay. Using this approach, we were able to demonstrate that GC treatment within 7 days induced a circulating substance that inhibited the ability of serum to phosphorylate the IGF1R in vitro. Of note, this IGF1R inhibition was not caused by GC per se, and it appeared to occur without any detectable changes in serum IGF or IGFBP concentrations. Thus, our study may have identified one possible mechanism by which GC is able to inhibit IGF1-mediated actions in vivo.
Generally, clinical conditions regarded as catabolic are characterized by low serum IGF1 concentrations and/or increased serum IGFBP concentrations. This is true for patients with anorexia nervosa (28, 29) , endstage renal failure (30) , and poorly controlled type 1 diabetes (31), whereas GC treatment makes a notable exception. Despite its catabolic effects, GC excess is generally not accompanied by a suppression of the circulating IGF system (6, 7, 12, 32) . With the present data in mind, it appears that the ability of GC to inhibit serum IGF1 action is mediated through an inhibition of IGF1R phosphorylation rather than through changes in the circulating concentrations of free IGF1, total IGFs, or insulin. However, it has to be acknowledged that serum-free IGF2 was not assessed, and theoretically, changes in this parameter could be of importance. On the other hand, in the bioassay, the cross-reactivity of IGF2 with the IGF1R was only 12% (17) , and the ability of serum to phosphorylate the IGF1R in vitro (i.e. bioactive IGF1) showed no relationship with serum total IGF2, neither after placebo nor after prednisolone. Therefore, IGF2 seems an unlikely candidate to explain our observation.
The present data ruled out a direct effect of GC on IGF1R phosphorylation in vitro. Therefore, our data support the hypothesis that GC treatment induces a blood-borne substance that is able to inhibit the very first step of IGF1 action, i.e. IGF1R phosphorylation, independent of circulating IGF. This notion is in fact in agreement with early data from Unterman & Phillips (6) . In 1985, they demonstrated that in normal subjects, the ability of serum to stimulate labeled sulfate uptake in costal cartilage from hypophysectomized rats was reduced by close to 50% 6 h after the intake of 60 mg prednisone, despite no detectable changes in serum IGF1 levels as measured by RIA.
To elucidate the mechanism by which prednisolone may inhibit IGF1R phosphorylation in vitro, we determined immunoreactive levels of ultrafiltered free IGF1, IGFBP1, IGFBP2, IGFBP3, as well as IGFBP1 complexed IGF1, and we also assessed the ability of the IGFBPs to bind 125 I-IGF1 by WLB. However, serum-free IGF1 remained unchanged by prednisolone, and the same was true for the IGFBPs, hereby indicating that (6) by sizeexclusion gel chromatography were able to demonstrate that prednisolone induced the presence of IGF1 inhibitors with an estimated molecular size ranging from 12 to 20 kDa, the importance of IGFBP proteolysis was yet to be discovered. However, the molecular range fits with that of the IGFBP fragments. In this context, Lalou et al. (34) demonstrated that proteolysis of IGFBP3 may yield fragments that possess no IGF1 binding activity but nevertheless retain the ability to inhibit IGF1 action in vitro. Whether this mechanism is operational following prednisolone treatment is, however, uncertain as prednisolone failed to induce IGFBP3 proteolysis in healthy adults (32) . However, it could be speculated that prednisolone is able to induce inhibitory fragments from other IGFBPs than IGFBP3. Thirdly, having the molecular precision of size-exclusion gel chromatography in mind, one has to consider the possibility that the 12-20 kDa fraction may have contained some intact 24 kDa IGFBP4, which is the smallest of the IGFBPs (35) . Intact IGFBP4 has been demonstrated to inhibit IGF1 action, in contrast to the two IGFBP4 fragments generated after proteolytic cleavage by pregnancy-associated plasma protein-A (24). However, we only assessed IGFBP4 by WLB, which may have been insensitive to detect changes in serum IGFBP4 levels. On the other hand, a significant increase in IGFBP4 should translate into a reduction in serum-free IGF1 and this was not observed. Thus, this possibility seems less likely. As CG appeared to inhibit IGF1R activation by a blood-borne substance, serum was investigated by 2-D gel chromatography, but we were unable to identify any candidate proteins (data not shown). Thus, we can only speculate on the possible mechanisms by which GC inhibits IGF1R phosphorylation. However, IGF1R phosphorylation is regulated not only by ligand stimulation but also by intracellular phosphatases. One candidate demonstrated to affect IGF1-stimulated IGF1R phosphorylation is the aVb3 integrin receptor, which is a transmembrane protein essential for regulation of cell growth and function. The integrin aVb3 receptor has multiple ligands (36) , and numerous studies have demonstrated that ligand activation of the aVb3 integrin receptor augments IGF1R phosphorylation, whereas inhibition of the aVb3 integrin receptor decreases IGF1R phosphorylation (37) . The cross talk between the aVb3 integrin receptor and the IGF1R appears to be mediated via the Src-homology domain-2 containing protein tyrosine phosphatase 2 (SHP-2), a cytoplasmatic enzyme (38) . A recent in vitro study in human smooth muscle cells demonstrated that inhibition of the aVb3 integrin receptor reduced IGF1-mediated IGF1R phosphorylation and that this appeared to be mediated via SHP-2 (39) . Another recent in vitro study demonstrated that prolactin enhanced IGF1R phosphorylation by decreasing the association of SHP-2 with the IGF1R (40) . As the impact of SHP-2 on IGF1R phosphorylation is detectable within minutes (39, 40) , we speculate that GC mediates its effects through changes in SHP-2. However, this remains to be proven.
The present dose of prednisolone had a measurable impact on lower leg growth rate as assessed by knemometry (16) . However, it should be emphasized that the demonstrated growth inhibition represents the combined effect of prednisolone on bone growth, knee and ankle joint ligaments, and tendons as well as shrinking of soft tissue (cutis, subcutis, and cartilage) over the knee and under the heel, and consequently, knemometry yields a composite measurement (41) . This may explain why we were unable to demonstrate the existence of an association between the growth change and the in vitro IGF1 bioactivity of serum. Alternatively, GC may exert direct effects on the local IGF system within the growth plate, independently of its impact of the circulating IGF1 bioactivity. This possibility is supported by studies demonstrating that in cultured chondrocytes, GC is able to reduce the gene expression of IGF1, as well as the proliferative potential of IGF1, apparently via the PI3 kinase pathway (42, 43) . In any case, our data suggest that measurement of the in vitro IGF1 bioactivity may serve as an indicator of the local growth inhibiting effect of GC. However, it remains to be investigated whether the effects of GC on the IGF1 action in serum and locally in the tissues are related.
Our study has some limitations that need to be considered. First, it remains to be proven that the GC-induced reduction in the ability of serum to phosphorylate the IGF1R in vitro translates into a similar reduction in bioactive IGF1 within the tissue, i.e. in vivo. Secondly, the assays that we used to assess changes in the IGFBPs have their limitations. WLB is semiquantitative by nature and does not allow detection of subtle changes in intact and fragmented IGFBPs. The immunoassays, on the other hand, enable a relatively precise quantification of the individual IGFBP levels, but they often lack the ability to discriminate between intact and fragmented IGFBPs.
In conclusion, in this randomized, double-blind, placebo-controlled, crossover study, we have demonstrated that 1 week of treatment with 5 mg prednisolone daily was able to reduce the ability of serum to phosphorylate the IGF1R in vitro without any concomitant changes in serum IGF concentrations. Furthermore, we excluded an effect of prednisolone per se. Thus, our study has identified one possible mechanism by which GC may inhibit IGF1-mediated actions in vivo. However, our study yielded no definitive information as to whether this circulating substance is related to the IGFBPs or represents an IGFBP-independent mechanism.
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